High strength structural steels are in high demand thanks to their favorable mechanical properties. They offer high strength with sufficient toughness and good forming capabilities. Applications range from shipbuilding, to offshore constructions, cranes, and pipelines. A lot of current research focuses on weldability of high strength low alloy (HSLA) steels, especially improving the toughness in the weld zone, i.e., weld metal (WM) and heat affected zone (HAZ). In the present work, four different fusion welding processes using undermatching filler metal are compared on 8-mm thick sheets of S960MC structural steel. The welding processes include electron beam, laser hybrid, plasma, and gas metal arc welding. The welded joints are characterized by means of mechanical testing, tensile, impact, and hardness testing, and microstructural investigaton, light optical, and scanning electron microscopy. Furthermore, microprobe analysis of the weld metal was used to investigate the chemical composition of the weld metal.
Introduction
The use of high strength low alloyed (HSLA) structural steels, such as S960MC, is steadily increasing in engineering industry. Typical applications are structures in load handling, transportation vehicles, and lifting equipment, such as telescoping booms and cranes. The higher strength of the material offers increased payload and/or reduced weight of structures compared to standard structural steel [13, 18] . Welding of HSLA steel however, is more demanding than normal structural steel since the process window of heat input and cooling rate is smaller. Nevertheless, it has been proven that this steel can be welded successfully with suitable welding methods, such as laser beam, laser hybrid, or modern gas metal arc welding [2, [4] [5] [6] . Also, the filler metals play an important role in the welding of HSLA steels [15] . Guo et al. [5] were able to weld 8-mm thick sheets of S960 HSLA steel plates in a single pass using autogenous laser welding. They obtained welds with sufficient strength but reduced toughness in the weld metal compared to the base material. Guo et al. [6] also investigated gas metal arc welding of S960 HSLA steel using matching filler metal on 8-mm thick sheets. These joints exhibit better impact toughness in the weld metal compared to the laser welds but do not reach the necessary strength level since the welds broke in the soft HAZ.
The focus of this work is to investigate 8-mm thick welds, produced with different welding techniques, i.e., electron beam, laser hybrid, plasma, and gas metal arc welding, using undermatching filler metal and compare it to 
Materials
Sheets of structural steel S960MC with a thickness of 8 mm were used for the welding experiments. S960MC is a microalloyed, thermomechanical-processed high strength structural steel, with a microstructure consisting mainly of martensite and tempered martensite. Basic mechanical properties and chemical compositions are given in Tables 1  and 2 . The chemical composition and mechanical properties of the filler metals used ( = 1.2 mm) are listed in Tables 3  and 4 .
Methods

Welding procedure
Various welding techniques were used to join 8-mm thick sheets of S960MC steel. Table 5 lists the weld seam geometry, number of passes, heat input, and measured t 8/5 times for the examined welding processes, electron beam welding, laser hybrid welding (LHW), plasma welding with cold-wire (PW+CW), and gas metal arc welding. RP stands for root pass and FP for filler pass. Figure 1 shows schematic drawings of the two different weld seam preparations, square groove (I), and single V groove (V). The reference sample was welded with standard GMAW using the matching filler metal (M). For all other processes undermatching (UM) filler metal was used.
Characterization of welds
For each welding process, three flat bar tension specimens were tested according to DIN EN ISO 6892-1 [9] . The [7] . The width b depended on the imperfections, e.g., undercut, shrinkage groove, distortion, misalignements, and varied from 7.3 to 7.7 mm. There are a number of investigations on the subject of correction for sub-size charpy specimens [3, 11, 16, 17] . Chao et al. [3] tested the toughness of DP590 steel using sub-sized charpy specimens with a reduced width of 5.5 mm. They postulated that the only necessary correction is for the reduced thickness and therefore multiplied their test data by a factor of 1.82 (i.e., The hardness distribution in the fusion zone was determined by Vickers hardness testing HV 10 [8] . For HV 10 two lines, running in a zigzag pattern, to reduce the horizontal spacing, were carried out per specimen. The measurement lines were positioned approx. 2 mm from the top respectively bottom surface. The individual indents are 1 mm apart.
For light optical microscopy, the polished cross-sections were etched with Nital (HNO 3 ) and LePera reagent [10] . The Nital etching facilitates the differentiation between WM, HAZ, and BM, whereas the LePera color etching was used to determine the different microstructures in the weld. 9.5 * This value was calculated using the formula in [12] Scanning electron microscopy, on Nital etched samples, was also used to distinguish the different microstructures in the weld metal. Figure 2 shows yield and tensile strength of welds of S960MC using different welding processes. OENORM EN ISO 15614-1 requires welds of S960MC steel to have the same tensile strength as the base material, i.e., 980-1150 MPa [14] . The reference weld as well as the EB+CW, LH and P+CW welds fulfill this requirement. The EB+CW, LH, and reference welds always fractured in the base metal. The P+CW and GMA welds always broke in the base metal. The GMA welds with UM filler metal exhibit significantly lower yield and tensile strength and do not reach the requirements. Figure 3 shows all tested tensile specimens, and the fracture location is clearly visible.
Results and discussion
Tensile tests
Impact testing
DIN EN ISO 15614 requires a minimum impact toughness of 30 J at − 20 • C. All tested welds exceed this limit, although the EB+CW and LH welds are very close to the limit. The plasma welds are on the same level as the reference welds and reach 55-60 J. Even higher values were recorded for the UM GMA welds, which is not surprising due the significant lower strength level (Fig. 4) . Figure 5 shows all tested specimens. Figure 6 shows hardness profiles for the EB+CW, LH, P+CW, and GMA welds. The dotted blue and red lines represent the position of the indents. Both measurement lines, top (blue), and bottom (red) are positioned approx. 2 mm from the surfaces and run in a zigzag shape which makes it possible to decrease the horizontal distance of the indents.
Hardness testing
For the EB+CW, LH, and P+CW joints the highest hardness occurs in the fine-grained heat affected zone (FGHAZ) and the lowest in the intercritical heat affected zone (ICHAZ). No significant hardness decrease in the subcritical zone, due to annealing during the production of the sheets, is observed. The EB+CW and LH welds show a significantly higher peak hardness when compared to P+CW welds. The same influence can also be seen, to a lesser degree, at the minimum hardness in the ICHAZ. The hardness drop is slightly bigger for the P+CW than for the LH welds. When comparing the two different gas metal arc welds, the influence of the filler metal can be clearly seen. The use of the undermatching FM leads to a significant hardness drop while the use of matching FM leads to a hardness increase in the weld metal. The higher alloying content of the matching FM is necessary, when using GMAW, to reach sufficient hardness and strength in the weld metal.
Microscopy
Each welding process results in a characteristic size and shape of the fusion zone, as can be seen in the Nitaletched microsections in Fig. 7 . The shape of the fusion zone depends mainly on the edge preparation and the heat input. The low heat input and the square groove weld seam preparation of the EB+CW welds lead to the characteristic I-shape and a narrow HAZ. With the exception of a small overlap on the top side of the weld, which occurred due to unsteady wire feed, the weld seam geometry is smooth on the top and root side of the weld. The LH welds exhibit a and bottom (red) are positioned approx. 2 mm from the edges and run in a zigzag shape which makes it possible to decrease the horizontal distance of the indents characteristic hourglass shape due to the additional GMA torch combined with a narrow heat affected zone. On the top side, a small undercut is visible, which is probably caused by the misalignment of the two sheets. This defect acts as a small notch and can be detrimental to fatigue properties of the weld. The P+CW joints have, despite their square groove edge preparation, the characteristic V-shape. This is a result of the higher heat input of the plasma process, which also leads to the much bigger HAZ. From all investigated welds, the P+CW welds have the smoothest weld seam geometry. For GMA welding, single V groove preparation was used, which is still visible in the resulting joint. Due to the lower energy density of the GMA process, two passes which can be easily distinguished on the etched cross-sections are necessary to join 8-mm thick sheets. While the transition from weld bead to base material is smooth on the top side of the weld, the root side exhibits a somewhat angular form.
To characterize the microstructure in the weld metal of the different joints, LePera etching and scanning electron microscopy was used. Figure 8 shows all etched weld metals (on the left) and the corresponding scanning electron images (on the right). With the exception of the undermatched gas metal arc welds, all weld metals are a mixture of marteniste and tempered martensite. The weld metal of the LH welds consist mainly of fine needle shaped martensite and some autotempered martensite in between. The prior austenite grain size shows a large grain structure. The microstructure of the GMA welds with matching filler metal shows a similar mix of martensite and autotempered martensite, but with a slightly finer needle structure. The plasma welds show a much bigger prior austenite grain size and consist of martensite and autotempered martensite. In contrast to that, the gas metal arc welds with undermatching filler metal show a completely different microstructure. The weld metal consists mainly of ferrite and some martensite. 
Microprobe analysis
The microprobe measurements show a significant influence of the different welding processes on the chemical composition of the weld metal. Figure 9 shows the content of the alloying elements chromium, nickel, and molybdenum in the base, weld, and filler metal for the different joints. The composition in the weld metal was measured using microprobe analysis. The contents for the base and filler metal were obtained from their data sheets. It can be seen that the chemical composition of the weld metal for the EB+CW, LH, and P+CW welds is closer to the base material than to the filler metal. For the GMA welds, the opposite is true. The numeric values above the boxes represent the dilution in the weld metal which was calculated using Eq. 1.
where: welding procedures. While the EB+CW, LH, and P+CW process use I-shaped edges with no gap, the GMA process needs a V-shaped edge with a welding head and gap (see Fig. 1 ). Thereby, more filler metal is needed to fill the weld seam of the gas metal arc welds (see Table 6 ). This leads to different recorded compositions in the weld metal (Fig. 9) . The higher Cr, Ni, and Mo content in the resulting weld metal facilitates the martensite formation during cooling.
Conclusions
The weldability of 8-mm thick sheets of S960MC using undermatching filler metal with different welding processes Cr, Ni, Mo (wt%) in base, filler, and weld metal for all welding processes, the values above the green boxes are the dilution of the weld metal calculated using Eq. 1 was investigated. The reference samples were welded with standard gas metal arc welding using matching filler metal. Figure 10 shows the ultimate tensile strength in relation to the impact toughness at −20 • C for the tested joints. A minimum tensile strength of 980 MPa and a minimum impact toughness of 30 J define the target values of properties. The reference (circle) as well as the plasma welds safely reach these requirements. The data of the laser hybrid welds are more scattered, which results in bigger error bars. Using undermatching filler metal for gas metal arc welding of S960MC steel plates is not suitable, since the joints exhibit a significantly lower strength level. The following conclusions were drawn from this investigation:
-GMA welding of S960MC with matching filler metal produces joints with ideal strength and sufficient toughness. -For EB+CW, LH, and P+CW welding, it is possible to use undermatching filler metal and obtain suitable mechanical properties. -The dilution in the weld metal seems to be the key factor when using undermatching filler metal. A higher 
